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ABSTRACT: The dynamic behavior of Rh species in 1 wt% Rh/Al2O3 catalyst during the three-way catalytic reaction was exam-
ined using a micro gas chromatograph, a NOx meter, a quadrupole mass spectrometer, and time-resolved quick X-ray absorption 
spectroscopy (XAS) measurements at a public beamline for XAS, BL01B1 at SPring-8, operando. The combined data suggest dif-
ferent surface rearrangement behavior, random reduction processes, and autocatalytic oxidation processes of Rh species when the 
gas is switched from a reductive to an oxidative atmosphere and vice versa. This study demonstrates an implementation of a power-
ful operando XAS system for heterogeneous catalytic reactions and its importance for understanding the dynamic behavior of ac-
tive metal species of catalysts. 
1. INTRODUCTION 
Platinum group metal (PGM) elements such as Rh, Pd, and 
Pt are frequently used as essential components of three-way 
catalysts (TWCs) for purification of harmful gases such as 
nitrogen oxides (NOx), carbon monoxide (CO), and hydrocar-
bons (HCs) in automobile exhaust gas. The total demand for 
Rh, Pd, and Pt for TWCs in 2012 was about 80%, 70%, and 
40% of available materials, respectively.1 On the other hand, 
the number of automobiles worldwide reached 1.2 billion by 
the end of 2014, as reported by the Japan Automobile Manu-
facturers Association, Inc.,2 and has been increasing every 
year. Further, regulations on exhaust gas emissions have be-
come more restrictive with time. Therefore, the reduction of 
PGM element use for TWCs has been among the urgent global 
issues to arise in response to the trend of increasing demand 
for automobiles worldwide and the need to protect the global 
environment. 
The high demand for Rh for TWCs stems from its outstand-
ing catalytic activity in the reduction of toxic NOx to nontoxic 
nitrogen (N2). To reduce Rh usage for economic and environ-
 mental reasons, it is very important to understand the funda-
mental behavior of Rh species (i.e., oxidation, reduction, ag-
gregation, etc.) under working conditions, or operando. Alt-
hough an enormous number of studies have already been per-
formed on the mechanism of catalysis, degradation, and re-
generation of Rh-based TWCs for several decades,3 further 
research is still needed. 
The term operando, or especially operando spectroscopy, is 
a generic concept describing application of spectroscopic 
techniques to materials in their working state (e.g., a catalyst 
at work) to elucidate the relationships among function, struc-
ture, and/or the electronic states. Researchers generally study 
the relationships between the catalytic performance and dy-
namic behavior of TWCs using various gas molecules. For this 
purpose, IR spectroscopy has been one of the most widely 
used techniques to clarify the catalysis mechanism by identify-
ing the intermediate adsorbed species on catalysts.4 However, 
IR spectroscopy can observe only gaseous or adsorbed mole-
cules. The dynamic behavior of catalytically active metal spe-
cies at very high temperature and under both oxidative and 
reductive atmospheres are of interest to understand the true 
active sites for catalysis such as three-way catalysis. 
For example, so-called in situ or environmental transmission 
electron microscopy (TEM) is an emerging technique to di-
rectly observe small targets such as PGM nanoparticles on 
supports under a very low-pressure environment.5 However, 
the applicable pressure is usually much lower than atmospher-
ic pressure, which is far from the realistic conditions for 
TWCs. Among various analytical techniques, X-ray spectros-
copy has been most successfully applied for in situ studies, 
especially for reactions under harsh conditions such as three-
way catalysis. The most common analytical technique that 
utilizes X-rays as a probe is X-ray diffraction (XRD). XRD is 
a powerful technique for reaction monitoring under both 
common, ex situ conditions and in situ conditions because of 
its penetrating power. For example, Jozwiak et al. studied the 
reduction behavior of iron oxides with hydrogen or carbon 
monoxide by an in situ XRD technique in combination with 
conventional temperature-programmed reduction and thermo-
gravimetry-differential thermal analysis techniques, and clari-
fied the temporal variation of the composition of iron oxide 
species.6 Bao et al. used in situ XRD7-8 to elucidate the effect 
of confinement of iron oxides in carbon nanotubes on their 
activity in Fischer–Tropsch synthesis.9 However, the particles 
sizes of the metal species in these cases are typically around or 
no less than 10 nm. The XRD technique is inherently unsuita-
ble for sensitive analysis of very small particles (sizes less 
than a few nanometers). Thus, monitoring Rh species that 
exist in 1 wt% Rh/Al2O3 is usually outside the scope of the 
XRD technique. 
On the other hand, X-ray absorption spectroscopy (XAS) 
can be utilized to study the redox behavior and structural 
changes of such very small species. In principle, XAS also has 
a high penetrating power and element specificity. A high de-
gree of freedom for the sample environment enables the com-
bination of XAS with other spectroscopic techniques such as 
IR spectroscopy. For example, Newton et al. at the European 
Synchrotron Radiation Facility, Grenoble, France, in associa-
tion with various research groups, extensively applied operan-
do spectroscopy in combination with XAS and other tech-
niques [e.g., diffuse reflectance infrared spectroscopy 
(DRIFT)] to various heterogeneous catalysts, especially TWCs 
and related materials,10-17 to study alcohol oxidation for more 
than a decade. Grunwaldt and Baiker and their colleagues have 
reported operando XAS studies of Rh and Rh-based catalysts 
under the methane oxidation reaction even with flow direction 
or two-dimensional resolution and observed the detailed spa-
tial distribution of the Rh state at approximately the ignition 
temperature.18-24 These excellent studies focused on the bulk 
states of PGM species and adsorbed small molecules to under-
stand the elementary reactions and specific dynamic behavior 
of the catalysts, and have yielded deep insights into the reac-
tion mechanism under well-controlled model conditions. 
In this work, the dynamic behavior of Rh species in a model 
Rh-based catalyst, 1 wt% Rh/Al2O3, under relatively idealized 
conditions has been extensively studied for the first time by 
simultaneous quantitative observation of the eluent gas and 
use of a quick XAS measurement system at a public beamline, 
BL01B1, at SPring-8.25 The different gases were quantified 
using a micro gas chromatograph (GC), a NOx meter, and a 
quadrupole mass (Q-Mass) spectrometer. We focused on the 
relationship between the catalytic activity in the reduction of 
NOx species and the surface and bulk dynamics of Rh species 
to obtain insight into the fundamental attributes of a Rh-based 
TWC. We found that the reaction steps of oxidation and re-
duction of surface Rh species involve two-step autocatalytic 
oxidation by a Finke–Watzky-type nanoparticle formation 
mechanism and simple one-step pseudo-first-order kinetics. 
2. EXPERIMENTAL DETAILS 
2.1. Preparation of 1 wt% Rh/Al2O3. Rh/Al2O3 (1 wt%) 
was prepared by a commonly used impregnation method. A 
portion of Rh acetylacetonate (0.08 g, 0.02 g on Rh metal ba-
sis) was dissolved in ethyl acetate (18 mL) in an evaporating 
dish, and γ-Al2O3 (JRC-ALO-7, 1.98 g) was added to the Rh 
solution. The mixture was heated in a water bath to 80 °C and 
continuously stirred with a glass rod to dryness. Subsequently, 
the dried sample was calcined at 500 °C for 3 h. All materials 
except for γ-Al2O3 were purchased from Wako Pure Chemical 
Industries, Ltd. and used as received. γ-Al2O3 was kindly pro-
vided by the Catalysis Society of Japan. Temperature pro-
grammed reaction of the three-way catalytic reaction (TWCR) 
over this catalyst was performed at our laboratory (Figures S1 
and S2). We cannot find any evident Rh particles in the as-
prepared and spent catalysts by TEM measurements (Figure 
S3). 
2.2. XAS measurement. Rh K-edge XAS measurements 
were conducted at a public beamline, BL01B1,25 SPring-8 
(Japan Synchrotron Radiation Research Institute, Hyogo, Ja-
pan). The incident X-rays were monochromatized with a 
Si(311) double crystal monochromator. Higher harmonic X-
rays were removed by setting the glancing angle of the Rh-
coated X-ray mirrors to 1.5 mrad. The incident (I0) and trans-
mitted (I1) X-ray fluxes were measured using ion chambers 
filled with Ar (100%) and Ar (50%)/Kr (50%), respectively. 
Conventional Rh K-edge XAS spectra of a Rh metal foil and 
Rh2O3 were collected as reference data. Rh2O3 was mixed with 
an appropriate amount of boron nitride, pressed into a pellet, 
and used for XAS measurement. The photon energy was cali-
brated at the inflection point of the Pd K-edge X-ray absorp-
tion near-edge structure (XANES) spectrum of Pd metal foil to 
24,350 eV. Data were reduced using the Athena and Artemis 
software ver. 0.9.25 included in the Demeter package.26 
Operando XAS measurements were performed at the same 
beamline, BL01B1, using a high sampling rate thermal con-
 ductivity detector GC (490 Micro GC, Agilent Technologies 
Inc.) for quantification of CO, C3H6, N2, CO2, O2, and N2O; a 
NOx meter (ECL-88AO Lite, Anatec Yanaco Inc.) for quanti-
fication of NOx species; and a Q-Mass spectrometer (BEL-
Mass, MicrotracBEL Corp.) for semi-quantitative analysis of 
the eluent gas. The acquisition time for one XAS spectrum 
was approximately 3 min. A schematic view of the operando 
XAS setup is shown in Scheme 1. 
Scheme 1. Simplified view of operando XAS setup. 
   
To secure the gas flow path, 200 mg of 1 wt% Rh/Al2O3 
(25/50 mesh) was directly pelletized (φ10 mm, thickness ca. 3 
mm) inside a modified heating XAS cell (ASPF-20-03, 
Kyowa Vacuum, Figure S4). The incident X-rays penetrated 
the center of the sample with a beam size of approximately 4 
mm (horizontal) × 1 mm (vertical). Thus, the observed Rh 
state was averaged in the gas flow and X-ray directions. The 
catalyst was pretreated under He flow at 400 °C for 30 min. 
Immediately after pretreatment, the TWCR was tested. The 
reaction model gas (100 mL min−1) contained NO (1000 ppm), 
CO (1000 ppm), C3H6 (250 ppm), O2 (912.5–1337.5 ppm), and 
He balance. The concentration of O2 was varied between 912.5 
and 1337.5 ppm during the reaction. The stoichiometric condi-
tion was achieved when the concentration of O2 was set to 
1125 ppm, on the basis of the chemical equation shown below. 
C3H6 + 4 NO + 4 CO + 9/2 O2 → 2 N2 + 7 CO2 + 3 H2O 
For clarity, the lambda parameter is introduced as an indica-
tor of the oxygen concentration or stoichiometric balance:  
λ = [NO]𝑎𝑎 + [CO]𝑎𝑎 + [O2]𝑎𝑎 × 2 [NO]𝑠𝑠 + [CO]𝑠𝑠 + [O2]𝑠𝑠 × 2  
where [X]𝑦𝑦 is the concentration of X in the actual (𝑦𝑦 = 𝑎𝑎) or 
stoichiometric condition (𝑦𝑦 = 𝑠𝑠). 
The reaction was performed following the oxygen profile il-
lustrated in Figure 1 shown below. First, the leanest gas (λ = 
1.1) was introduced into the XAS cell, and the λ value of the 
inlet gas was decreased by 0.05 every 20 min for 1 h 40 min to 
the richest gas among all the conditions (λ = 0.9). Subsequent-
ly, the λ value of the inlet gas was increased in the same man-
ner to 1.1 in another 1 h 20 min. After the first lean-rich-lean 
cycle, the λ value was decreased abruptly to 1.0 and 0.9 suc-
cessively and increased again to 1.0 and then to 1.1. The reac-
tion time was 4 h 20 min. For clarity, we use a 24 h clock no-
tation as if the reaction started at 0:00, unless otherwise stated. 
3. RESULTS 
In this section, the catalytic activity of 1 wt% Rh/Al2O3 is 
discussed on the basis of the GC and NOx profiles. Subse-
quently, the dynamic behavior of Rh species is estimated from 
the temporal variation of a series of XANES spectra, and sev-
eral selected Fourier transforms of extended X-ray absorption 
fine structure (EXAFS) spectra with characteristic changes are 
also discussed. A comprehensive interpretation is given in 
chronological order in the Discussion section. 
3.1. Catalytic activity. Figure 1 shows the eluent gas con-
centration as quantified by the micro GC at approximately 3 
min intervals, the NOx meter, and the corresponding profile of 
λ (O2 concentration indicator). This overall profile at the XAS 
beamline, BL01B1, SPring-8, was essentially identical to that 
recorded at our laboratory (not shown), which ensured that the 
experiment was indeed performed in operando, at least from 
the viewpoint of catalytic activity assessment. The sum of the 
NOx species and reduced N2 gas was close to 1000 ppm as the 
NO basis throughout the reaction. This means that negligible 
amounts of other nitrogen-related species such as N2O or NO2 
were generated, at least under the present high-temperature 
conditions, which is consistent with the Q-Mass profile (Fig-
ure S5). It is evident that the production rate of N2 over 1 wt% 
Rh/Al2O3 at 400 °C under lean conditions was less than 100%, 
at approximately 70%–80% (0:00–0:40). Note, however, that 
the first GC analysis result showed that the N2 concentration 
just after the gas was introduced (0:03) was slightly higher 
than that before the first gas switch (0:20). A gradual change 
in the amount of NOx was also observed initially. In addition, 
a small amount of O2 was observed in the later stages of the 
first period (0:10–0:20). These results indicate that the Rh 
surface was oxidized in the first 10 min and lost its catalytic 
activity upon reduction of NO. When the feed gas composition 
became stoichiometric (λ = 1.0), or under the rich condition, 
the NO gas was quantitatively decomposed into N2 (0:40–
2:20). On the other hand, the appearance of CO and a small 
decrease in the amount of CO2 in the eluent gas were observed 
under the rich condition (1:20–2:00). We believe that this phe-
nomenon may be attributed to the water-gas shift reaction 
(WGSR) after the TWCR was complete, as discussed in the 
Supporting Information. 
After the feed gas composition returned to the lean condi-
tion, the production rate of N2 decreased to either 80% or 60% 
(2:20–3:00). In addition, a small amount of O2 gradually ap-
peared (2:40–3:00) under the leanest condition. Gradual 
changes in the amount of NOx were also observed at the points 
where the feed gas composition was switched from a stoichi-
ometric to a lean condition at around 2:20 or 4:00, and from a 
lean to a stoichiometric condition at around 3:00 or 4:20. Note 
that the increase in the amount of NOx during the change from 
stoichiometric to lean conditions exhibited sigmoidal curves 
and was slower than that during the change from lean to stoi-
chiometric conditions, which may be regarded as an exponen-
tial curve. We believe that these phenomena reflect the surface 
redox behavior of Rh species. 
A detailed kinetic analysis is given in the Discussion section. 
During the second lean-rich-lean cycle (2:40–4:20), the NO 
reduction rate increased to approximately 90% (3:00) and was 
kept near 100% before the last lean condition (4:00–4:20), 
which showed only 60% conversion from NO to N2. 
In brief, the GC profile for the TWCR over 1 wt% Rh/Al2O3 
was identical to that obtained in the laboratory experiment. 
Furthermore, interesting behavior was observed at each gas 
 switching point and under rich conditions. The different pro-
files of the NO reduction rate at the gas composition switching 
 
Figure 1. GC and NOx profiles of the eluent gases and time course of the metallic or oxidized Rh species ratio estimated by linear combi-
nation fitting analysis of the Rh K-edge XANES spectra during the TWCR over 1 wt% Rh/Al2O3 at 400 °C during operando XAS meas-
urement, with λ (O2 concentration) profile. (Note: N2O was not observed throughout the reaction.) 
points implied dynamic redox behavior of the Rh species. 
3.2. Dynamic redox behavior of Rh species. The temporal 
variation of metallic or oxidized Rh species, as estimated by 
linear combination fitting (LCF) analysis using a series of Rh 
K-edge XANES spectra of 1 wt% Rh/Al2O3, is also shown in 
Figure 1. Note that Figure 1 shows the trend of the redox be-
havior of the total Rh species, but not the actual redox degree 
of the Rh species (i.e., Rh0 or Rh3+). Linear combination fitting 
analysis was performed using the initial XANES spectrum 
before He pretreatment, which represents an oxide-like Rh 
species of the calcined Rh/Al2O3, and the XANES spectrum of 
the most reduced state after the second rich condition at 
around 3:45. We did not use the XANES spectra of Rh foil 
and bulk Rh2O3 for the LCF analysis because the XANES 
spectrum of Rh foil usually does not represent that of the small 
Rh nanoparticles discussed here. The complete profile of the 
Rh K-edge XANES spectra and the time course of the metal-
like or oxide-like Rh species ratio including the pretreatment 
step are provided in the Supporting Information (Figures S6 
and S7). During pretreatment, the amount of oxide-like Rh 
species was reduced by 60%. After the lean feed gas was ini-
tially introduced, the oxidized Rh species increased rapidly in 
approximately 10 min, and 90% of the Rh species were oxi-
dized. After the oxidation process, the electronic state of the 
average Rh species remained unchanged before the rich condi-
tion (0:10–1:00) and even under the stoichiometric condition. 
However, the introduction of rich feed gas initiated an initially 
rapid and then slow reduction of the Rh species (1:00–2:00). 
This behavior can be interpreted as the occurrence of a gradual 
reduction process from the surface to the core of the Rh spe-
cies. When the feed gas composition was changed to the stoi-
chiometric and lean conditions again, 80% of the Rh species 
were gradually oxidized (2:00–3:00). The difference in the 
oxidation ratio between the first and second lean conditions 
(90% and 80%, respectively) can be explained by agglomera-
tion of Rh species, which leads to a decrease in the specific 
surface area under a reductive atmosphere.  
In addition, the R factors obtained by LCF analysis from 
2:20 to 3:20 were significantly larger than those in the other 
periods (Figure S8). This fact implies that the spectral stand-
ards used in the LCF analysis may be insufficient; in other 
words, there may be a third Rh component. Taking into ac-
count the aggregation process of Rh species, we can assume 
the three Rh components to be metal-like Rh, oxide-like Rh on 
the surface of Rh particles (surface Rh oxide), and oxide-like 
Rh in Rh particles (bulk Rh oxide) in comparison of the stand-
ard spectra for LCF with those of Rh metal and Rh2O3 (Figure 
S5). However, it is very difficult to distinguish the surface Rh 
oxide from the bulk Rh oxide using the XANES spectra, thus 
















































































Figure 2. Fourier transform of Rh K-edge EXAFS spectra (phase-uncorrected, k-range: 3–13 Å-1) of 1 wt% Rh/Al2O3 during operando 
XAS measurement. (a) 0:00–0:20, (b) 0:20–1:00, (c) 1:00–1:25, (d) 1:25–2:20, (e) 2:20–2:30, (f) 2:30–3:00, (g) 3:00–3:20, (h) 3:20–3:30, 
(i) 3:30–4:00, (j) 4:00–4:20, and (k) Rh metal foil, Rh2O3, and the sample spectrum at 3:30. 
During the second lean-rich-lean cycle (2:40–4:20), the re-
dox behavior of the Rh species was essentially identical to that 
observed during the first lean-rich-lean cycle. In addition, the 
redox behavior of the Rh species under the stoichiometric 
condition apparently depends on whether the previous condi-
tion was lean or rich.  
The oxidation state of the Rh species under the stoichio-
metric condition after the lean condition showed very little 
change (0:40–1:00 and 3:00–3:20). However, the Rh species 
were slowly but significantly oxidized under the stoichio-
metric condition that followed the rich condition (2:00–2:20 



























































































































































































































 on the surface Rh oxides and/or Rh species that are reduced by 
CO and/or C3H6, even though the surface of the Rh species 
was oxidized after the lean condition. On the other hand, the 
almost completely metallic Rh surface under the rich condition 
is easily oxidized under the stoichiometric condition. These 
results suggest that both the metal-like and oxide-like Rh spe-
cies display catalytic activity in CO and C3H6 oxidation and 
NO reduction, either individually or cooperatively. In this 
study, no information is available on the adsorbed species. 
Therefore, we have started to add a DRIFT apparatus to the 
operando system for this purpose. 
The Fourier transform of the Rh K-edge EXAFS spectra of 
1 wt% Rh/Al2O3 during operando XAS measurement are 
shown in Figure 2. In the first period under the leanest condi-
tion, the decreases in the intensities of the Rh–Rh scattering 
peak at around 2.3 Å and the Rh–O peak at around 1.5 Å indi-
cate oxidation of Rh species, which was initiated by exposure 
to the lean condition [(a), 0:00–0:20]. However, a small peak 
at around 2.3 Å remained under the oxidative atmosphere. 
This peak may indicate the remaining unoxidized Rh metallic 
cores. After the oxidation process, the Rh species showed little 
change by the end of the first stoichiometric condition [(b), 
0:20–1:00]. This is completely consistent with the XANES 
temporal change. When the catalyst was exposed to the rich 
condition, the Rh species were abruptly reduced to the metallic 
state [(c), 1:00–1:25]. However, the Rh–O scattering peak at 
around 1.5 Å remained unchanged under the rich and second 
stoichiometric conditions [(d), 1:25–2:20]. This peak can be 
explained by the existence of remaining Rh2O3 cores and/or 
metal–support interactions at the Rh–Al2O3 interface. The 
introduction of a lean atmosphere again caused rapid [(e), 
2:20–2:30] and then gradual oxidation [(f), 2:30–3:00] of Rh 
species. It is noteworthy that the Rh–O scattering peak at 
around 1.5 Å is relatively stable, but the Rh–Rh peak de-
creased significantly. This behavior is well correlated with the 
gradual increase in the amount of NOx in the eluent gas (Fig-
ure 1, 2:20–2:30), the subsequent relatively stable detection of 
NOx species (Figure 1, 2:30–3:00), and the corresponding 
temporal variation of the XANES spectra. We intended pri-
marily to clarify the dynamic behavior of Rh species during 
the TWCR using XAS as a probe. However, from a different 
perspective, the reaction results observed using the micro GC, 
NOx meter, and Q-Mass spectrometer are also probes for the 
Rh species. Thus, the increase in the amount of NOx species 
(Figure 1, 2:20–2:30) determined using GC and XAS meas-
urements, which are correlated with oxidation of the Rh spe-
cies, indicates more precisely the oxidation of the surface Rh 
species. A kinetic approach toward understanding this behav-
ior is discussed later. The third stoichiometric condition did 
not induce any significant changes in the Rh species [(g), 
3:00–3:20], but the second rich condition again initiated rapid 
reduction of the Rh species [(h), 3:20–3:30]. The Rh species 
were stable by the end of the fourth stoichiometric condition 
[(i), 3:30–4:00] and oxidized under the last lean condition [(j), 
4:00–4:20]. The complete profile of the Rh K-edge EXAFS 
spectra of 1 wt% Rh/Al2O3 is provided in the Supporting In-
formation (Figure S9). 
4. DISCUSSION 
4.1. Comprehensive interpretation in chronological or-
der. The first lean condition (0:00–0:40) and the first stoichi-
ometric condition (0:40–1:00) Before the feed gas was intro-
duced, the XANES and EXAFS spectra at the very beginning 
(Figures 1 and 2) suggest that the Rh species exist in a partial-
ly reduced state. It is evident from the GC profile (Figure 1) 
that the N2 production at the second sampling point (0:03) was 
significantly larger than that at the following ones. This im-
plies that the Rh species had a metallic surface, which would 
exhibit high catalytic activity in the NO reduction reaction but 
was instantly oxidized under the lean condition. The XANES 
and EXAFS spectra of the Rh species after the reaction did not 
show any remarkable change for successive 10 min. The ap-
parent NO reduction activity abruptly changed within 3 min as 
the feed gas composition changed at 0:20 and 0:40. For exam-
ple, in the NOx profile, it is possible to identify an instant de-
crease in the detected NOx species, which finished in about 2 
min around 0:20. This point will be discussed in the next sec-
tion. Under the first stoichiometric condition, the XANES and 
EXAFS spectra showed no change, but the N2 production rate 
reached almost 100%, as expected. To summarize, the Rh 
species with a partially reduced surface were oxidized at the 
very beginning and remained unchanged in this period. 
The first rich condition (1:00–2:00) and the second stoichi-
ometric condition (2:00–2:20) As the atmosphere changed to 
the rich condition at 1:00, the Rh species were dramatically 
reduced to their metallic state. However, the NO reduction 
activity changed very little. This suggests that under rich con-
ditions, the surface of the Rh species must be metallic, which 
suggests at least two different hypotheses on the structure of 
the Rh species. The first hypothesis is that the surface was 
already metallic under the first stoichiometric condition, but 
the inside of most of the Rh species was oxide-like; i.e., most 
of the Rh species existed as Rh2O3 with a thin Rh metallic 
layer, which was effective for NO reduction. This hypothesis 
is consistent with the XANES spectra and Fourier transforms 
of the EXAFS spectra observed at 1:00 and 1:25. Note that a 
small scattering peak at around 1.5 Å (Rh–O) was visible 
throughout the experiment. The second hypothesis is that the 
surface was nearly oxide-like at 1:00 and almost metallic at 
1:25, but both Rh species were effective in catalyzing the re-
duction of NO under the present conditions. However, the 
drastic decrease of the NO reduction activity at the beginning 
of the reaction implies the importance of Rh surface state. We 
guess the second hypothesis is improbable under the present 
condition at this time, but we will examine this hypothesis in 
the near future. After 1:20, N2 production was maintained at a 
nearly steady state, but CO2 production decreased slightly, and 
remaining CO was also observed. It is impossible to interpret 
this phenomenon quantitatively and only in the framework of 
the TWCR. Therefore, the WGSR is considered to explain 
these observations, as described in the Supporting Information. 
The second lean condition (2:20–3:00) and the third stoichi-
ometric condition (3:00–3:20) Under the second lean condi-
tion, the Rh species were oxidized in two steps. The Fourier 
transforms of the EXAFS spectra at 2:20, 2:30, and 3:00 show 
a rapid increase in the intensity of the Rh–O peak and decrease 
in the intensity of the Rh–Rh peak in the first step. Subse-
quently, the intensity of the Rh–Rh peak decreases with a 
small change in the Rh–O peak. These observations imply that 
the Rh species were oxidized on the surface (the first step) and 
later in the bulk (the second step). An interesting phenomenon 
is observed in the GC and NOx profiles, i.e., a relatively slow 
decrease in the production of N2 (2:20–2:40). This point will 
be discussed later. Under the most oxidative atmosphere 
(2:40–3:00), the rate of N2 production successively decreased 
to about 60%, which is slightly lower than the rate under the 
 first lean condition. We speculate that this is a result of a re-
duction in the specific surface area of the Rh species via the 
well-known aggregation process under rich conditions. When 
the atmosphere returned to the stoichiometric condition (3:00–
3:20), the Rh species remained unchanged but exhibited good 
NO reduction catalytic activity. The activity in this period was 
the same as that under the first stoichiometric condition on the 
way from lean to rich conditions. 
The second rich condition (3:20–3:40) and the fourth stoichi-
ometric condition (3:40–4:00) After the feed gas was switched 
to the rich condition again, the Rh species were rapidly re-
duced to the metal-like state within 10 min. CO was detected 
in the Q-Mass spectrum, and H2 gas was observed again. This 
indicates that the surface of the Rh species had been reduced 
and the WGSR had occurred, as in the first rich condition. The 
processes taking place under the fourth stoichiometric condi-
tion were the same as those under the second stoichiometric 
condition on the way from the rich to lean conditions, i.e., 
gradual surface oxidation of the Rh species. During this period, 
NO was quantitatively reduced to N2. 
The third lean condition (4:00–4:20) Under the final lean 
condition, the N2 production rate gradually decreased to 60%, 
the same level as under the second lean condition. This im-
plies that Rh agglomeration occurred only under the first rich 
condition and no longer occurred under the present condition. 
In addition, two different oxidation steps were observed, 
which can be interpreted as the surface oxidation process and 
the averaged oxidation state of Rh species. 
4.2. Macro kinetics of the surface rearrangement of Rh 
species. As mentioned in the Results section, the NOx profile 
at every gas composition change exhibited characteristic be-
havior. When the conditions changed from lean to less lean or 
stoichiometric ones at 0:20, 0:40, and 3:00, or from lean to 
more lean conditions at 2:40, the NOx profile showed a discon-
tinuous curve. However, when the conditions changed from 
stoichiometric to lean at the beginning (0:00), 2:20, and 4:00, 
the NOx profile showed either continuous or sigmoidal curves, 
as shown in the Supporting Information (Figure S10). First, 
the discontinuous changes were observed 1 min and 15 s after 
the gas composition was switched. For example, the gas com-
position was changed at 0:20, and the discontinuous change 
was observed at around 0:21. Separately, we checked how 
long it took for the Q-Mass spectrometer to detect the gas 
switching. We found that it took about 1 min for the spectrom-
eter to detect a switch in the inlet gas composition both with 
and without reaction conditions. This indicated that the delay 
of 1 min 15 s at the NOx meter must have been due to the 
changes in the internal volume from the gas mixer to the de-
tector. Thus, no induction period existed at each discontinuous 
change. On the other hand, the continuous behavior after the 
gas composition changes at 2:20 and 4:00 appeared complete-
ly different from the above behavior. The initial change was 
gradual and took about 10 min to complete. As the NOx profile 
reflects the catalytic activity of NO reduction, it must be relat-
ed to the properties of the catalytic sites, i.e., the surface Rh 
species. Thus, the NOx profile can be regarded as an indicator 
of the oxidation ratio of surface Rh species. On the basis of 
this assumption, we tried to interpret the surface rearrange-
ment of Rh species by borrowing an idea from phase transition 
or particle formation studies. 
Kinetics of particle formation The mechanism of particle 
formation has been extensively studied in various fields relat-
ed to crystallography in every possible phase, namely, solid–
solid, solid–liquid, and solid–gas. For example, the Johnson–
Mehl–Avrami–Erove’ev equation, or, more simply, Avrami 
equation27-29 is a famous interpretation of particle formation in 
the solid-state reaction. On the other hand, the Finke–Watzky 
equations in either two steps30 or four steps31 are common 
explanations of nanoparticle formation in the liquid phase. The 
relationship between the Avrami and Finke–Watzky equations 
has been extensively discussed by Finke et al. and Skrdla et 
al.32-34 If the NOx concentration in the eluent gas is an indicator 
of the oxidation degree of the surface of the Rh species, it 
must be possible to apply the kinetic models discussed above 
to the NOx profile. 
Surface rearrangement of Rh species Figure 3 shows the 
(inverted) NOx profiles and fitted curves in the important gas 
switching regions. The inverted NOx profile plots the values as 
1000 − NOx (ppm). Basically, we assume that NO is reduced 
on the metal-like Rh site directly or indirectly. The reduction 
rate of NO can be assumed to be proportional to the number of 
metal-like Rh sites available for catalysis (i.e., on the surface). 
The inverted NOx profile is the reduction rate of NO and must 
be proportional to the number of catalytically active metal-like 
Rh sites. Then, we hypothesize that the inverted NOx profile 
can be proportional to the concentration of Rh0 species. The 
pseudo-first-order kinetic model (i.e., a simple exponential 
model, where [A]t: concentration of Rh3+ at time t; [A]d: differ-
ence between concentrations of Rh3+ in the initial and final 
states; t: time; toffset: time offset; τ: time constant; [A]1: offset of 
concentration of Rh3+ in the final states) was utilized to fit the 
inverted NOx decay profiles [Figure 3(A), (B), (D), and (E)].  [𝐴𝐴]t = [𝐴𝐴]dexp (−(𝑡𝑡 − 𝑡𝑡offset𝜏𝜏 )) + [𝐴𝐴]1 
For Figure 3(A), (B), and (E), the oxide-like surface Rh 
species were exposed to richer gas. These results imply that 
the surface oxide-like (Rh2O3-like) Rh species was reduced 
randomly, and the reaction followed the pseudo-first-order 
kinetic model as a function of the concentration of the surface 
Rh2O3 species. The curve shown in Figure 3(D) similarly fit-
ted this kinetic model. This indicates that metallic surface Rh 
species were oxidized randomly. On the other hand, it is obvi-
ously impossible to apply the pseudo-first-order kinetic model 
to the inverted NOx profiles when the catalysts were exposed 
to lean gas conditions. Under these conditions, we applied the 
Finke–Watzky equation formulated from the two-step nano-
particle formation mechanism, as described below ([A]t: con-
centration of Rh0 at time t; [A]0: difference between concentra-
tions of Rh0 in the initial and final states; [A]1: offset of con-
centration of Rh0 in the final state; t: time; k1: rate constant for 
Rh0 → Rh3+; k2: rate constant for Rh0 + Rh3+ → 2Rh3+), and 
obtained well-fitted results [Figure 3(C) and (F)]. 
[𝐴𝐴]t = 𝑘𝑘1𝑘𝑘2 + [𝐴𝐴]01 + 𝑘𝑘1𝑘𝑘2[𝐴𝐴]0 exp�(𝑘𝑘1 + 𝑘𝑘2[𝐴𝐴]0)𝑡𝑡� + [𝐴𝐴]1 
This implies that an oxide-like nucleus was first generated 
on the surface of the metallic Rh species under the lean condi-
tion (nuclear generation), and oxygen atoms were successively 
consumed around the oxide-like Rh species (autocatalytic 
reaction).  
   
    
Figure 3. (Inverted) NOx profiles with fitted curve based on pseudo-first-order kinetics or Finke–Watzky two-step particle formation 
mechanism in gas switching regions. (Red lines are fitted curves.) The time axis is defined as the elapsed time from (A) 0:20, (B) 0:40, (C) 
2:20, (D) 2:40, (E) 3:00, and (F) 4:00. 
After 600 s, the latter region exhibited a gradual decrease in 
the inverted NOx profile. This behavior of the Rh2O3-like spe-
cies might be related to Ostwald ripening, which might be 
understood as a random walk of oxygen atoms on the surface -
of the Rh species. The combination of the two-step Finke–
Watzky mechanism and the Ostwald ripening process has al-
ready been successfully applied to understand the formation 
mechanism of Ag or Pd nanoparticles in the liquid phase by 
Harada et al.35-36 However, this behavior has minimal signifi-
cance in our case and can be simply ignored. It is important to 
note that there is a significant difference between the oxidation 
processes of a metallic surface and the reduction processes of 
an oxidized surface, as discussed above. 
4.3. Schematic view of dynamic behavior of Rh species.  
The dynamic behavior of Rh species when the gas composi-
tion is switched are summarized in Scheme 2. We assumed 
that the sizes of the Rh nanoparticles were almost unchanged 
because the intensities of the Fourier transforms of the EXAFS 
spectra at 1:25 (the first rich condition) and at 3:30 (the second 
rich condition) were similar. Considering the reduction pro-
cess of Rh species, the surface of the oxide-like Rh species 
was easily reduced to the metallic state swiftly and randomly. 
On the other hand, in the oxidation process of Rh species, 
surface oxidation of Rh species proceeded via random and 
autocatalytic growth by oxide-like Rh site generation. 
This schematic was deduced on the basis of examination of 
the outlet gas with a micro GC, a NOx meter, and a Q-Mass 
spectrometer, and also from the results of the operando XAS 
study. Thus, this study demonstrates the importance of the 
surface state of Rh species during the TWCR. As real automo-
bile exhaust contains many different gases such as H2O, H2, 
various HCs, CO, CO2, NO, or NO2, the present observations 
cannot be used to deduce the real TWCR conditions. However, 
this study provides clear insights that surface rearrangement of 
Rh can have a great impact on real TWCs, albeit on much 
smaller space and time scales. 
Scheme 2. Redox behavior of Rh species when the gas com-
position is switched. 
   
5. CONCLUSION 
In this study, an operando XAS measurement system 
equipped with a micro GC, NOx meter, and Q-Mass spectrom-
eter was successfully built at a public XAS beamline, BL01B1, 
at SPring-8. Operando spectroscopy itself is not new. Howev-
er, most operando studies have used only one or two addition-
al probes under conditions that differ significantly from typical 
laboratory conditions. In our work, four probes are fully inte-
grated (XAS, micro-GC, NOx meter, Q-Mass spectrometer), 
providing complementary data useful for gaining deep insight 
 into the nature of heterogeneous catalysts. Using this system, 
we directly observed the dynamic behavior of Rh species in 1 
wt% Rh/Al2O3 under relatively idealized conditions. Conse-
quently, we estimated the dynamics of surface and bulk Rh 
species during the TWCR by quantitative analysis obtained 
with various detectors operando. Of course, there are an 
enormous number of studies on the catalytic performance, 
mechanism, or degradation of TWCs that used various tech-
niques independently. However, such studies have usually 
been performed under significantly different conditions, which 
sometimes made unified understanding difficult. In this study, 
we performed a catalytic performance test, investigated the 
catalytic mechanism in terms of surface chemistry, and even 
examined part of the degradation mechanism simultaneously. 
The present operando data obtained under the exactly same 
condition enables us to interpret them consistently, and this 
work is the first quantitative evaluation of surface rearrange-
ment of Rh species using model automobile exhaust gases at 
the laboratory level. Although the present relatively idealistic 
condition was not so close to the real automobile exhaust con-
dition, we believe this study sheds light on the fundamental 
dynamic behavior of Rh species in the Rh/Al2O3 catalyst under 
near-stoichiometric conditions. 
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